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profile picture
Offener Brief an die Zrunpe der Radiocsktiven bel der
Gauvereins-Tagung su Tibingen.

Abpchrift
Hmtknliaohu Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930

dirioh Oloriastrasse

Iiebe Radicaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mldvollst
ansuhBren bitte, Ihnen des niheren suseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der N und li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten iusweg
verfallen um den "Wechselsats" (1) der Statistik und den Energlesats
su retten. Mimlich die Moglichkeit, es kinnten elektrisch neutrale
Tellohen, die ich Neutronen nemnen will, in den Kernmen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"heh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
z.nt. Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von dersalben Orfoesenordmng wie die Elektronermasse sein und
c&n- nicht grosser als 0,00 Protonermasse.- Das kontimuierliche

Spektrum wire dann verstindlich unter der Annahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Winter of 1930
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The discovery of the neutrino: Cowan-Reines experiment, 1956

pal

s oS /Namos

Fred Reines Clyde Cowan

o

Savannah River Plant would provide a flux of ~ 1013 v/cm?/s

V+P n + e+, then n + 108Cd 109Cd + vy
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The discovery of the neutrino: Cowan-Reines experiment, 1956

pal

s oS /Namos

Fred Reines Clyde Cowan

o

Savannah River Plant would provide a flux of ~ 1013 v/cm?/s

V+P n + e+, then n + 108Cd 109Cd + vy

1995 Nobel prize for the detection of the neutrino

3¢ Fermilab
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The discovery of the muon neutrino:
Lederman, Schwartz and Steinberger, 1962

BROOKHIVEN

NATIONAL LABORATORY proton (77
beam target proton accelerator ..-) -4 P

'\: o JE PR ﬁdgaw

———

pl-meson h S —— r- ' ncter.

. steel shield spark chamber
beam %

The accelerator, the neutrino ..
beam and the detector N O "

Part of the circular accelerator in Bl THRL T
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
collisions with the target, dea* into concrete
muons (j1) and neutrinos ( e 13 ~
m thick sheel shicld stops all the <
particles except the penetrati
. neutrinos. A small fraction of the
STember‘ger‘ neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

Based an a drawing In Sclentific Amerkcan,
March 1963

Schwartz
Lederman

T :
3¢ Fermilab
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The discovery of the muon neutrino:
Lederman, Schwartz and Steinberger, 1962
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The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in i, 2o, R
Brookhaven, in which the protons - - Sy v ' |
were accelerated. The pi-mesons (1), e
wol:lnch were ;o&ucg& the protpnt Conciete
collisions wi c . deca* into

muons (j1) and neutrinos (2.-). e 13 ~
m thick steel shicld stops all the

particles except the penetrati

neutrinos. A small fraction of the

neutrinos react in the detector and

give rise to muons, which are then

observed in the spark chamber.

fased an a drawing In Sclentific Amerkan,
March 1963

988 Nobel prize for the neutrino beam method and
the demonstration of the doublet structure of leptons
through the discovery of the muon neutrino

T :
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The discovery of the tau neutrino:
The DONUT experiment, 2000

# Fe r m i I a b DONUT Detector

DONUT v, event
Flight Length:280um

Emulsion

DONUT Detector for
direct observation of
tau neutrinos (V)

T :
3¢ Fermilab
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The Standard Model: the big picture

Fermions come in 3 families: identical except for their masses
4 fundamental forces:

- Strong: quarks

 Electromagnetic: quarks and charged leptons

« Weak: all fermions ET EMENTARY

» Gravity: anything PARTICLES

A QTS SO,
SBITCTE R srsrTsy, - SO

2F Fermilab
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The Standard Model: the big picture

Fermions come in 3 families: identical except for their masses
4 fundamental forces:

- Strong: quarks

 Electromagnetic: quarks and charged leptons

. Weall<: all fermpns ET EMENTARY
* Gravity: anything PARTICLES

Focus on neutrinos,
particularly neutrino oscillations

2F Fermilab
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Before studying neutrino oscillations
we need to understand the structure of weak interactions

2F Fermilab
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Weak interactions

3 3
Z QriPQrLi = Z = (ﬂLz”Y“duWJ + h.c.) + ...
1=1 i=1 \/5

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

The “interaction" basis:

3 3
Z QriPQrLi = Z = (ﬂLi’Y”duW: + h.c.) + ...
1=1 i=1 \/§

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

w

The “interaction" basis:

3 3
Z QriPQrLi = Z = (aLi’Y'usz’W: + h.c.) + ...
1=1 i=1 \@

Here, the masses do not need to be diagonal:
3

Z yiiQriHur; — Uy - M, -Ur = tap - (V)T -M, - V¥ -ug

2,=1

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

H+

The “interaction" basis:

3 3
Z QriPQrLi = Z = (aLi’Y'usz’W: + h.c.) + ...
1=1 i=1 \@

Here, the masses do not need to be diagonal:
3

Z yiiQriHugr; — Uy - M, -Ur = ap - (V)T - M, - V¥ - up

1,7=1 \ ,

guarks in mass basis 1
. la
(masses are diagonal) Mu 5

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

w

The “interaction" basis:

3 3
Z QriPQrLi = Z = (aLi’Y'usz’W: + h.c.) + ...
1=1 i=1 \@

Here, the masses do not need to be diagonal:

3
Z yiiQriHug; — Ur - M, -Ur = ar, - (V)T - M, - V¥ - ug
i,j=1 ‘ ,

guarks in mass basis

. di
. (masses are diagonal) Mula’g

Y vijQriHdr; — DL -Mg-Dr=dr- (V{)"-Mg-Vg -dg
i,j=1

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

w

The “interaction" basis:

3 3
Z QriPQrLi = Z = (aLi’Y'usz’W: + h.c.) + ...
1=1 i=1 \@

The "mass" basis:

3
— g B »
> QrLiPQri = 7 (V) TVEALWE +hel] + .
1=1

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

The “interaction" basis:

3 3
Z QriPQrLi = Z = (ﬂLi’Y”duWJ + h.c.) + ...
1=1 i=1 \/§

The “mass" basis:

3
N QriPQri = <= [y (VI IVEL W +he] + ...
1=1

=

CKM mixing matrix

9
V2

. Aphysical down quark can be produced in }
| association with an up, charm or top quark!

2F Fermilab
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Weak interactions
In the interaction basis,

this interaction is
diagonal in flavor

The “interaction" basis:

T I TR A R S e e A e
5 g e g

' Fermion states that have a well defined mass
i=  can have mixing under weak interactions!

superposition of d, s, b

i\ A psicadownquérk can be produce in |
| association with an up, charm or top quark!

2F Fermilab
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Weak interactions

Same thing happens to neutrinos ";
t (with one additional complication: we do not know
| the mechanism that generates neutrino masses!) |

2F Fermilab
22 Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory pmachado@fnal.gov



mailto:pmachado@fnal.gov

Neutrino Oscillations

|Va> Interaction eigenstate (produced by weak interactions)

|V7;> Mass eigenstate (eigenstate of the Hamiltonian)

2F Fermilab
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Neutrino Oscillations

|Va> Interaction eigenstate (produced by weak interactions)

‘Vi> Mass eigenstate (eigenstate of the Hamiltonian)

H | V’i> — Ei ‘ Vi> Vo = Z Uaivi  Field @ annihilates state Q>

_ -
‘Va Z ‘VZ ve) = v |0) = ZV U, Z Vi)

2F Fermilab
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Neutrino Oscillations

|Va> Interaction eigenstate (produced by weak interactions)

|V7;> Mass eigenstate (eigenstate of the Hamiltonian)

H | V’i> — Ei ‘ Vi> Vo = Z Uaivi  Field @ annihilates state Q>

_ -
‘Va Z ‘VZ ve) = v |0) = ZV U, Z Vi)

After producing a neutrino in a weII defined flavor, it evolves like
Va(t) Z
We also detect it in a defined flavor, so the amplitude we measure is
Aap(t) = (vplva(t))
3F Fermilab
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Neutrino Oscillations

Aas(t) = wslva (1))

2F Fermilab
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Neutrino Oscillations h=c=1

Aas () = (3l (1)
() = 33Uy luui(0)

The Hamiltonian is related to

vi(t)) = e

the time evolution operator, so

(0))

2= Fermilab
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Neutrino Oscillations h=c=1

Aus(t) = (wslva(®)
Aap(t) = 33 Uil 03 1)

The Hamiltonian is related to

vi(t)) = e

the time evolution operator, so

(0))

Neutrinos are relativistic (E,p >> m)

2

Ei:\/p%—l_

m;
2F

2~
m; =

2= Fermilab
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Neutrino Oscillations h=c=1
Aap(t) = (Vv (t))

Aap(t) = 33 Uil 03 1)

g=1

The Hamiltonian is related to the time evolution operator, so

vi(t)) = e " 1i(0))

Neutrinos are relativistic (E,p >> m)
2
E; = \/pf +m? ~

m;
2F

N
Q
@
—~
i
~—~

|

(vglva(t)) = Uy, Ugj(vjle )

mQt > Isolated an overall phase

Got lazy and stopped writing the sums
2E Used orthogonality condition:

(vilvi) = 0y
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Neutrino Oscillations

Let’s isolate another overall phase

2
—i(pt+m?t/2FE) [+ -Amilt
e’

Aa — U’L
B € .U Bi €XP [/ O F

Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory

2= Fermilab

pmachado@fnal.gov



mailto:pmachado@fnal.gov

31

Jun/2017

Neutrino Oscillations

Let’s isolate another overall phase

2
—i(pt+m?t/2FE) [+ Amzlt
o’

Aa — Uz
g=e Upiexp | —i— =

To make it simpler, consider two neutrinos
(two flavor framework, say ve and vy)

cosf) —sind

U = sinf cos6@

Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory

2= Fermilab

pmachado@fnal.gov



mailto:pmachado@fnal.gov

Neutrino Oscillations h=c=1

Let’s isolate another overall phase

Am?t
A g = —i(pt+mit/2E) 71+ 7; - i1
B — € U U@ EXP [/ O F

To make it simpler, consider two neutrinos
(two flavor framework, say ve and vy)

cosf —sin6
U = ( sinf cos#f >

Easy to explicitly show that

| P(v, — ve; L) = |Aue(L)|? = 4cgs sin

Substituted t by L (c=1)

. JE -
There is only one Am? 3¢ Fermilab
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Neutrino Oscillations

Am?

L\|
AE )}

P(v, — ve; L) = |A(L)|* = 4cgsg sin” ( Z’E ) — sin?(20) sin” ( -

T H
2 Fermilab
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Neutrino Oscillations

| P(v, — ve; L) = |Ape(L)[? = 4c3s3 sin? = sin2(20) sin®

AE 1E )

Am? = 2.3x1073 eV?, sin260=0.9, L = 810 km

T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T

1.0 - .
[ v'u%Ve

o
oo
T I T T

Probability
o
o)
T [ T T

_(D
~
T [ T T

"
N
T I T T

o
o
T I T T

05 10 15 20 25 30 35 40
E (GeV)

2F Fermilab
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Neutrlno Oscnlatlons

Am L

) |
)
d
!

P(vy = ves L) = [Apue(L)|° = dcgsg sin ( ZE ) = sin?(20) sin ( 4

E

Am? = 2.3x1073 eV?, sin260=0.9, L = 810 km

T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T =

1.0 - .
[ v'ué‘/e

o
oo
T I T T

Probability
o
o)
T [ T T

_(D
~
T [ T T

"
N
T I T T

o
o
T I T T

05 10 15 20 25 30 35 40
E (GeV)

The probability of producing v, and detect ve really oscillates!

2F Fermilab
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Neutrlno Oscnlatlons

 P(v, — Ve; ) |AM6( )\2 = 40939 st = sin (26’) sin ( ZLE »

Neutrmo oscnlatlons necessarlly |mply
neutrino masses, that is,
physws beyond the Standard Model

2015 Nobel prize for the discovery
of neutrino oscillations, which
shows that neutrinos have mass

Takaakl KaJ 1ita and
Arthur B. McDonald

__“"Nobelprize.org _—

2 Fermilab
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Neutrino Oscillations

| With three families there are 3 mixing angles,
i 2 mass splittings and one complex phase! |

C12€13 . $12€13 . s13e~ %
U = | —s12¢23 — c12523513¢€" C12C23 — $12523513€"°  $23C13

5 5
$12823 — €12€23513€"°  —C12523 — $12¢23513€"°  C23C13

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

,, What do we know about /
| neutrinos and their oscillations? |

2F Fermilab
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Neutrinos
Nelllrinos are everyeoliere ...

&

-

Nuclear Reactors | o s

»

Supernova
ol (Stellar Collapse)

-

Astrophysical
Accelerators

Atmospheric
(Cosmic Rays)

’
. Cd

Big Bang
(330 v /em3)

From R. Zukanovich Funchal Invisibles School 2014
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Neutrinos
Nelllrinos are everyeoliere ...

&

Ve Nuclear Reactors [ & uns i @_ Ve
» . ]V‘ | ’ t o1 ' ;
B . \ . ’ )
A i Supernova
Vall
Vyal Accelerators ol (Stellar Collapse)
y § =~ ' ’ ' : :
Vot Atmospheric Astrophysical Val
a . a
(Cosmic Rays) Accelerators
_ EarthSs Big Bang
Ve Vall
Crust/Mantle (330 v /em?)

From R. Zukanovich Funchal Invisibles School 2014
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Neutrino Oscillations

The following is not in chronological order

2F Fermilab
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3D schematic of
NOvA particle detector
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Interaction
Point

NOvVA Experiment

View from the top

edkadiad

View from the side

1 meter

2= Fermilab

L =810 km
(from FNAL to Minnesota)

2= Fermilab

pmachado@fnal.gov
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3D schematic of

NOvVA Experiment
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2hysics Theory

2= Fermilab

L =810 km
(from FNAL to Minnesota)
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NOvVA Experiment

3D schematic of View from the top Particle 1
NOvA particle detector R R R R o
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2= Fermilab

L =810 km
(from FNAL to Minnesota)
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NOvVA Experiment
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NOvVA Experiment
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KamLAND Experiment
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Daya Bay Experiment
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Daya Bay Experiment :
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Daya Bay Experiment :
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Daya Bay Experiment :
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Many Experiments

MINOS/MINOS+ FNAL, accelerator nus, atmospheric parameters
LSND LANL, accelerator nus, anomalous Am?2 (too large)
MiniBooNE FNAL, accelerator nus, anomalous Amz2 (too large)
MicroBooNE FNAL, accelerator nus, complementary to MiniBooNE
Minerva FNAL, accelerator nus, nu-nucleus cross section
measurements
ICARUS LNGS, accelerator nus, atmospheric parameters
OPERA LNGS, accelerator nus, atmospheric parameters
(Vu to v oscillations)
SNO Sudbury, solar neutrinos
Super Kamiokande Japan, atmospheric nus, atmospheric parameters
RENO Korea, reactor neutrinos, atmospheric parameters
Double Chooz France, reactor neutrinos, atmospheric parameters

2F Fermilab
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Many Experiments
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Open questions
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What is the octant of 823?
Or: |
Is there more v, or vy in v2? ﬂ"ﬁ
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Open questions
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Open questions

Are neutrinos Dirac or Majorana?
Or:
Are neutrinos their own antiparticle? |

2F Fermilab
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Open questions

Are neutrinos Dirac or Majorana?
Or:
Are neutrinos their own antiparticle? |
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Mass excess (MeV)
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Open questions
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Open questions
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Open questions
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Open questions

A

D— - Neutrino masses impacts the
) ) cosmic microwave background!
7 R i T = "’: SENE S
© Am?, Bl NS QS TR,
: Aty

v, I

| Ami
VI VN 5
Normal Hierarchy [nverted Hierarchy

T :
3¢ Fermilab
71 Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory pmachado@fnal.gov



mailto:pmachado@fnal.gov

Open questions

What is the mechanism o
behind neutrino masses? »'
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Open questions

What iSthé mechanism o

behind neutrino masses? »'

Seesaw scenarios

AN 7 N

H\ /H H\ a H H\ /H

VARV TRV

2F Fermilab
73 Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory pmachado@fnal.gov



mailto:pmachado@fnal.gov

Open questions

What iSthé mechanism o

behind neutrino masses? »'

Seesaw scenarios
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Open questions

What iSthé mechanism o

behind neutrino masses? '

Seesaw scenarios
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Open questions

What iSthé mechanism o

behind neutrino masses? '

Seesaw scenarios
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Open questions
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Open questions
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Open questions

LSND experiment 10 2rrrrrr —
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Open questions

i Is there a reason behind the masses and |
mixings?
Also called “the flavor puzzle" |

Vokm = | 0.22492 0.97351 0.0411 0.205—=0.543 0.416-0.730 0.579 — 0.808

0.9743 0.22506 0.00357 (0.795—().846 0.513 —().585 ().12()—().178)
Uppns= _ | . 2 \
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Open questions

| Neutrino masses go beyond the SM |

. The neutrino sector is the least known |
sector of the SM | | '

| ? Why so light? Why so much mixing? }
Anomalies”in néutrinﬂo oscillations ) }

i Are neutrinos a portal to new physics? |
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